In this work we study the electromagnetic field at Finite Temperature via the massless DKP formalism. The constraint analysis is performed and the partition function for the theory is constructed and computed. When it is specialized to the spin 1 sector we obtain the well-known result for the thermodynamic equilibrium of the electromagnetic field.
Introduction
Quantum Field Theory at Finite Temperature was motivated by the increasing interest in studying the properties of matter under extreme conditions as, for example, at very high temperature or density. The pioneering works joining together the Statistical and Quantum Field Theory were developed mainly by Matsubara [1] in a non relativistic context and, the relativistic case by Fradkin [2] who, via the functional approach, studied the different methods for calculating the Thermal Green's functions as well as the structure of the Ward identities in QED 4 . Later other works within the Thermal Field Theory appeared [3] whose principal interest was to explore the possibility of restoring some broken symmetries that occur at zero temperature, as for example the SU (2) × U (1) symmetry of weak interaction.
The Finite Temperature gauge theories and the problems concerning to the choice of a physical gauge and its dependence was analyzed by Bernard [4] , in particular, the free electromagnetic field.
On the other hand, at zero temperature, there is an alternative way to study the properties for the electromagnetic field which is known as the massless Duffin-Kemmer-Petiau (DKP) theory [5] that is not a trivial limit of the massive Duffin-Kemmer-Petiau theory (DKP) [6] that appears as an alternative formalism for the description of the spin 0 and spin 1 particles in a unified formulation. The DKP theory gives a first order linear equation and it is very similar to the Dirac one but the β µ matrices satisfy a different algebraic relation. The massive and massless case of the theory were considered in the works [7, 8, 9] where the equivalence of the DKP theory with the theories like Klein-Gordon-Fock (KGF) and Maxwell was proved in Minkokwski space-time [7] and studied in curved space-time such as Riemann [8] and Riemann-Cartan [9] .
At Finite Temperature the massive case is treated in the work [10] where the Bose-Einstein condensation is investigated in the spin 0 sector. The equivalence of many-photons Thermal Green's functions of the DKP and KGF theories was also proved for the scalar sector [11] calculating the polarization operator at 1-loop order and, in [12] is shown the equivalence of many-gluons Green's functions in the DKP and KGF Statistical Quantum Field Theories
As above mentioned, all accomplished studies on the massless DKP theory were made at zero temperature. The aim of this work is to study the thermodynamics of the electromagnetic field by using the massless DKP theory. The paper is organized as following: In section 2, we give a brief review of the massless DKP formalism considering a theory with only one real DKP field. In section 3, the constraint analysis is performed for the DKP theory and it has been shown that the model has two first class constraints. In section 4, we calculate the partition function and, finally, we give our conclusions and commentaries.
The Massless DKP Theory
The massless DKP theory is described in Minkowski space-time by the following Lagrangian density [5] 
where ψ = ψ + η 0 with η 0 = 2β 2 0 − 1 . The β µ and γ are singular square matrices satisfying the following algebra
Due to the singular character of the β µ matrices the transition of the massive case to the massless theory is non trivial and demands a different treatment. On the other hand the representations of the DKP algebra are reducible and contain the sectors of spin 0 and spin 1 in their structure.
From the Lagrangian (1) we obtain the equation of motion for the massless DKP field
It can be shown that the Lagrangian (1) and the massless DKP equation remain invariants under the following gauge transformation
with the field Φ satisfying the condition (4)
When the fields under consideration are no charged we have a real DKP field ψ, in such situation the Lagrangian (1) takes the following form
3 Constraint Analysis
We proceed the study of the constraint analysis to the real massless DKP theory from the Lagrangian (7) which is written as
as usual we define the canonical momentum π a as
from which a set of primary constraints appear θ
because the two different representations for the β µ matrices we have for the spin 0 sector that a = 5, 0, 1, 2, 3 and for spin 1 sector that a = 0, 1, 2, ..., 9.
The canonical Hamiltonian H C that follows from the Lagrangian (8) is given by
and considering the set of constraints (10) we have the primary Hamiltonian H P as
where λ a are the Lagrange multiplier 1 We use the representation where
The Poisson bracket (PB) for the primary constraints results in
To investigate the possibility of obtaining more constraints in the theory we apply the preservation in time of θ a , i.e.θ
where H P = d 3 xH P . Thus, the stability condition providė
being β µ singular matrices we conclude that not all λ coefficients can be obtained from the relation (14) and more constraints appear. These new constraints are selected by means of the projector 1 − β
that are a set of secondary constrains. When the preservation in time of these new secondary constraints are imposed no more constraints appear in the theory. Now we calculate the PB for all primary and secondary constraints
α (x ′′ )
β (x ′′ ) P B = 0.
Spin 1 sector 2
In this sector, we have ten primary constraints given by (10)
and four secondary constraints given by (15) 4, 5, 6. (18) To classify these constraints as first and second class we perform the calculation of the PB with all these primary and secondary constraints. Initially, we obtain one constraint as being of first class and thirteen of second class. However, the determinant of the matrix composed by the PB of these second class constraints is equal to zero and shows that the set of second class constraints is reducible and its linear combination generates a first class constraint. Thus, we obtain two first class constraints
and twelve second class constraints 4, 5, 6, 7, 8, 9 .
On the other hand, using the projectors R µ , R µν and from the relation (5) and (6) we conclude that only the vector components of the DKP field are transformed 4, 5, 6, 7, 8, 9 with R µ Φ = Φ µ = ∂ µ α, being α an arbitrary parameter, thus, we can conclude that the theory under consideration is a local U (1) gauge field theory.
The Partition Function
Now we study the thermodynamic equilibrium of the electromagnetic field using the DKP formalism. Such as we see the constraint analysis of the theory gives for the spin 1 sector two first class constraints characterizing a local U (1) gauge theory. Then, we write the partition function for the massless real DKP field using the Hamiltonian formalism
where H C is given by (11) and
The fields ψ are restricted by the periodicity condition
where
is the set of second class constraints given in (20) and, the set χ A ′ = θ 0 , θ
0 , Ω 1 , Ω 2 is given by the set of first class constraints (19) and its respective gauge fixing conditions Ω 1 , Ω 2 such that now the set χ A ′ is second class. The det C AB and det D A ′ B ′ are the determinant of the matrix formed by PB of the sets {Θ A } and {χ A ′ }, respectively. In our case det C AB is constant. For example, if we impose the following gauge fixing conditions
But, it is interesting to perform the calculation of the partition function in a manifest covariant way. Thus, it is possible to show that the equation (22) becomes
where F [ψ µ ] is an arbitrary gauge fixing condition. Here we consider
with f an arbitrary scalar function. It is worthwhile to note that (26) is exactly the Faddeev-Popov technique [13] used to quantize a local gauge theory. Consequently, the equation (26) can be expressed as being
We remark that at zero temperature the det (− ) is a constant that can be ignored, however, at Finite Temperature it turns out a very important temperature dependent term. Using the projectors R µ we rewrite the gauge fixing term in matricial form such that the partition function reads as
where R µ ∂ µ = iR 0 ∂ τ + R k ∂ k . To perform the calculation of the functional integral we use the Fourier series of the DKP field
where ω n = 2πn/β and the periodicity condition (24) for the DKP field are imposed.
